Abstract. Problem statement. The use of existing and the most widespread drives (wheeled and caterpillar one) is sometimes limited by complicated operational conditions while moving on rough terrain. The mentioned drives require a relatively flat surface to be operated effectively. A rocky or a hilly terrain imposes the demand of the use of alternative types of drives, in particular, walking ones. Purpose. In this paper, there will be proposed and analysed one of the possible structures of the walking mechanism for mobile robotic system to be used on rough terrain. Methodology. While carrying out the investigations, the structural and kinematic synthesis of the eight-bar hinge-lever walking mechanism has been performed using the well-known methods of the Theory of Machines and Mechanisms, in particular, the method of closed vector loops. In order to conduct experimental investigations and simulation of the mechanism motion, the applied software SolidWorks and MapleSim has been used. Findings (results). The structure and geometrical parameters of the eight-bar walking mechanism have been synthesized with the aim to ensure the required trajectory and kinematic characteristics of the supporting foot motion. Originality (novelty). The analytical dependencies describing the trajectory of each hinge of the analysed walking mechanism have been derived and the kinematic optimization synthesis problem has been solved. This allowed to substantiate of the mechanism's geometrical parameters and to analyse its kinematic characteristics. Practical value. The proposed structure of the walking mechanism can be effectively used in various mobile robotic systems and in transporting and technological machines in order to ensure the possibility of their use on rough terrain where there is no ability to use wheeled and caterpillar drives. S copes of further investigations. While carrying out further research, it is necessary to analyse the influence of the weight coefficients on the solution of the optimization problem, as well as to take into account the necessity of changing the step length and the foot lifting height during the process of walking according to the surface obstacles sizes.
Introduction
Nowadays, there exist a wide range of various drives of transporting and technological machines: wheeled, crawler-type (caterpillar), walking (stepping), rotor-and-auger-type, with air (pneumatic) or electromagnetic cushion etc. Two of them, namely, wheeled and crawler-type ones, have found wide application. Three other drives, namely, air-cushion, rotor-and-auger-type and walking ones, are in a varying degree used in individual models of transporting vehicles. At the same time, the drive based on the electromagnetic cushion is used only by the railway transport.
The walking drive has the widest range of various designs and has found the application both in heavy technological machines (excavators, reclamation and irrigation machines, logging (timber harvesting) machines etc.) and in modern structures of androids, exoskeletons and walkers (walking movers) [1] - [4] . The application of walking drives allows significant reducing of loads acting upon the supporting surface. At the same time, the mass of the technological machine may reach several hundred tons.
Problem Statement
The development of simple, reliable and, at the same time, relatively accurate walking mechanisms of mobile robotic systems and technological machines provides the necessity of solving two major problems: structural and kinematic synthesis of the mechanism with simultaneous optimization of its parameters in accordance with the prescribed motion characteristics of the supporting foot and machine body [4] - [7] . One of the simplest and most widespread variants of designing the supporting link of the walking mechanism is presented in Fig. 1 [4] - [16] . In the present paper, we will try to synthesize the 1-DOF eight-bar mechanism able to implement the straight-line path of the supporting foot motion and the stability of its horizontal speed during the whole phase of its contact with the supporting surface with the simultaneous minimization of durations of the foot lifting, returning and lowering phases. These conditions are stipulated by the necessity of ensuring the horizontal position of the machine body during its motion, the necessity of prevention of the supporting feet slipping during their simultaneous contact with the supporting surface, as well as with the aim of ensuring the stability of the equilibrium (static) position and motion of the walking machine [4] - [16] .
Fig. 1. The scheme of motion implementation of the output link of the walking mechanism
As it may be seen in Fig. 1 , in order to ensure the horizontal trajectory of the supporting foot (hinge Н ), it is necessary to provide circular motion paths of hinges L and K . With a help of these hinges, the supporting lever is connected to the intermediate links of the walking mechanism. Using only two mechanisms of the first class, it is impossible to implement these paths [17] . That's why in further investigations, there will be considered the possibilities of usage of two-link structural groups (structural groups of the second class) and one mechanism of the first class being used as the driving member.
Review of Modern Information Sources on the Subject of the Paper
During the last several years, the particular interest among researchers and engineers is caused by walking (stepping) machines based on rigid lever systems, in particular, the drives based on cyclic mechanisms [4] - [16] . Such drives guarantee a prescribed trajectory of the supporting foot motion and are characterized by the fact that they use a ready mechanical transformer or a new mechanism, which is synthesized according to the chosen trajectory of the supporting foot. The advantages of cyclic walking movers also include the simplicity and reliability of the legs and drives structures, because usually such mechanisms require only one degree of freedom [4] - [16] .
Despite the considerable number of advantages of hinge-lever walking mechanisms, at present we do not observe their widespread usage in transport and technological machines. Of course, there are separate pilot and experimental models (prototypes) of equipment, but they have not yet been implemented in serial production [1] - [3] . This is due to some disadvantages of cyclic hinge-lever mechanisms. Firstly, this is the complexity of avoiding the vertical movements of the body of the walking machine during the motion, which is caused by the non-translational motion trajectory of the foot in the zone of its contact with the supporting surface [5] . Secondly, it is impossible to ensure a steady horizontal foot speed in the zone of its contact with the supporting surface, which causes its slipping [13] , [15] . Thirdly, it is the complexity of ensuring the stability of the equilibrium position and the motion of the walking machine with a minimum number of supporting legs (2-4) [4] , [16] .
To some extent, the mentioned disadvantages may be fixed by increasing the number of supporting foots [1] - [3] ; by increasing the number of links in the walking mechanism [6] - [12] ; by involvement of additional driving degrees of freedom [4] , which allow to change the geometric parameters of separate links; by the use of controllable drives that allow continuous changing of the driving link speed [3] . These methods allow rational limiting the duration of the supporting foot contact phase, more accurate ensuring the prescribed trajectory of its motion and the stability of its horizontal speed during the contact phase of, as well as ensuring the stability of equilibrium position and motion of the walking machine.
Objectives and Problems of Research
The aim of this work is to substantiate the geometric parameters of an eight-link hinge-lever walking drive in order to provide a prescribed motion trajectory of the supporting foot and a stability of its velocity in the phase of contact with a supporting surface because of the necessity to negotiate the obstacles along the walking path and to limit the processes of the foot slipping in the phase of contact with a supporting surface.
Structural Synthesis of the Walking Mechanism
Let us adopt the Assur groups of 2 nd class 2 nd order 1 st type [17] as driven and intermediate structural groups of the walking mechanism (Fig. 2, a-c) . Thus, we obtain a crank-connecting rod-rocker mechanism only with single-motion revolute (turning) kinematic pairs (Fig. 3) . The supporting lever 1 of the walking mechanism is hingedly (pivotally) joined with the connecting rod 2 and the rocker 5. The connecting rod 2 is hingedly (pivotally) connected with the rocker 3, to which the motion is transmitted from the crank 7 through the connecting rod 4. The rocker 5 is driven by the crank 7 with a help of the connecting rod 6. The links 3, 5 and 7 are connected to the fixed (stationary) member 0 (machine body) with a help of hinges B , С and O . In the obtained walking mechanism (Fig. 3) , the point Н should move along the straight line on the certain trajectory section, which is called the supporting phase or the pahse of foot interaction with supporting surface. The other section of the point Н trajectory (its curved part) is called the phase of the foot transportation. During the process of the mechanism moving, the connecting rods 1, 2, 4, 6 are in the planar (plane-parallel) motion; the rockers 3 and 5 are in oscillatory (reciprocating) motion; the crank 7 is in rotary motion. Thus, the mechanism (Fig. 3) consists of the seven movable links ( 7 п = ) and ten kinematic pairs of the 5 th class (single-motion revolute (turning) kinematic pairs, 5 10 p = ):
. There are no higher kinematic couples in the mechanism, that is 4 0 p = . The degree of freedom in the hinge Н is uncontrolled and serves for self-adapting of the foot according to the supporting surface irregularities. That's why, the total number of degrees of freedom of the eight-bar walking mechanism may be calculated with a help of the formula derived by Chebyshov [17] :
(1) Therefore, the walking mechanism has one degree of freedom and thus one input link and one independent coordinate, which exactly determines the position of all other parts of the mechanism. Let us accept the crank 7 with rotation axis O (Fig. 4) as an input link of the walking mechanism. In that case, the angle ϕ , which defines the deflection of the crank 7 (OS ) from the horizontal axis directed from the point O to the right (Fig. 4) , may be concerned as the generalized coordinate for further kinematic analysis of the mechanism. The positive direction of the angle ϕ reference is counterclockwise.
Fig. 3. Structure diagram of the walking mechanism
With the aim of choosing the rational method of further kinematics analysis of the walking mechanism ( Fig. 3 ), let us expand it into the groups of Assur. Let's separate the loops which consist of the following parts: links 1 and 2 with three kinematic pairs (joints) L , N , K (Fig. 2, a) ; links 3 and 4 with three kinematic pairs (joints) G , S , B (Fig. 2, b) ; links 5 and 6 with three kinematic pairs (joints) С , D , M (Fig. 2, c) . After this we receive one input link 7 ( Fig. 2, d ), which is characterized by the degree of freedom 1 W = (the mechanism of the first class). Therefore, the mentioned loops may be concerned as the structural groups of the second class second order first type [17] . Let us write down the structure formula of the eight-bar walking mechanism: Z ( )
In order to analyse the walking mechanism, the equations of motion of the foot joint are needed. This means that the coordinates of the foot joint presented as a function of the input link rotation, the lengths of each link of the mechanism, and the angle of the base link are needed [3] . Based on the results of structure analysis, let us accept the method of closed vector loops for further kinematics analysis of the walking mechanism. This method was developed by V. A. Zinoviev and consists in expanding the mechanism into separate closed vector loops and deducing vector equations of closeness of each loop [17] .
Derivation of Kinematic Parameters of the Supporting Foot Motion
Let us consider the eight-bar hinge-lever walking mechanism with one degree of freedom, which is driven by the crank OS (Fig. 4) . Let us place the centre of the Cartesian coordinate system in the point О ; let us direct the Ox axis horizontally to the right; let us direct the Oy axis vertically upwards. Let us adopt the angle ϕ of the crank OS deflection from the right horizontal position as the generalized coordinate. Let us adopt the positive direction of the crank motion as anticlockwise one.
In accordance to the method of closed vector loops, the motion trajectories of the points G and D may be presented as follows: 
are the lengths of the corresponding links of the walking mechanism (Fig. 4) ; B x , B y , C x , C y are the coordinates of the fixed (stationar) cylindrical hinges of the rockers connections; α is the constant angle between the levers OS and OM .
In accordance to the method of closed vector loops, the motion trajectories of the points N and L may be presented as follows:
( ) (Fig. 4) ;
y ϕ are the dependencies of the coordinates of corresponding movable cylindrical hinges G and D , which may be defined with a help of formulas (3).
Fig. 4. Kinematic diagram of the walking mechanism
In accordance to the method of closed vector loops, the motion trajectories of the points K and H may be presented as follows: (Fig. 4) ;
y ϕ are the dependencies of the coordinates of corresponding movable cylindrical hinges N and L , which may be defined with a help of formulas (4). Thus, the motion trajectory of the supporting point H of the synthesized eight-bar walking mechanism may be described in the parametric form by the dependencies (5).
The objective (target) function may be presented in the form of the sum of absolute deviations of the point H trajectory from the prescribed path in N given positions [5] , [18] :
where Ні х , Hі y are the coordinates of the point in i-th position of the mechanism, which may be determined by the formulas (5); і х , і y are the coordinates of the point on the prescribed curve (path) in the same i-th position of the mechanism.
Thus, in order to solve the problem of kinematic synthesis of the crank-connecting rod-rocker walking mechanism, it is necessary to minimize the function (6) for as many as possible positions of the mechanism. For example, let us define 6 positions of the supporting point H on the theoretical trajectory of its motion (Fig. 5, Table 1 ) taking into account the necessary step length (700 mm) and the height of the foot lifting (200 mm). Five points define the straight-line trajectory of the foot motion during the phase of its contact with the supporting surface and the six one defines the maximal height of the foot lifting in the transportation phase. During the process of the walking drives designing, it is necessary to take into account the fact that simultaneous contact of several foots with the supporting surface requires the stabilization of horizontal components of speeds of corresponding supporting points. The large difference between the horizontal speeds of several feet in the contact phase may cause the slipping of the walking drive, changing the machine motion trajectory, or even the failure (breakdown) of some elements. The presence of large horizontal accelerations in the phase of the foot contact with the supporting surface also causes the increasing of energy losses due to the periodic speeding-up and slowing-down of the machine body during its motion.
Thus, the additional synthesis restriction consists in the necessity to ensure the stability of horizontal speed (or horizontal zero-acceleration) of the supporting point H in the phase of the foot contact with the supporting surface [5] :
In such a case, the expression of the objective function (6) will be complemented by one more component:
and the objective function will have the following form: 
where P is the total number of the prescribed positions of the supporting point H , which defines the straight-line trajectory of its motion in the phase of contact with the supporting surface; 1 k , 2 k are the weight coefficients of each of the optimization criterions, which satisfies the following conditions: 12 1 kk += . Substituting by terns the coordinates of the supporting point H presented in Table 1 into the equation (9) 
The trajectory of the supporting foot motion of the crank-connecting rod-rocker walking mechanism with the geometrical parameters presented above, which is constructed on the basis of analytical dependencies (3)- (5), is presented in Fig. 5 . Considering the trajectory of the supporting foot motion of the eight-bar walking hinge-lever mechanism (Fig. 5) , we may conclude that the deflection of the machine body (i.e., the distance between the top and bottom end positions of the supporting point Н in the phase of contact with the supporting surface) does not exceed 30 mm and ensures the limitation of the energy losses due to the periodic liftingup and lowering-down of the machine body during its motion. Herewith, the maximal height of the foot lifting equals 250 mm, and the step length is 700 mm, i.e., all the input conditions of the kinematic synthesis are almost satisfied.
It is necessary to mention, that the accuracy of the unknown parameters determination depends on the number of points prescribed on the theoretical foot motion trajectory and on the accuracy of defining the initial estimates of unknown parameters. For this, it is necessary to decrease the number of unknown parameters and to impose the restrictions on the lengths, displacements and speeds of some elements of the mechanism [18] .
Substituting the synthesized parameters of the walking mechanism into the equations (3)- (5) and taking the corresponding derivatives with respect to rotation angle of the driving crank, let us construct the graphical dependencies (plots) of horizontal displacement, speed and acceleration of the supporting point H on the angle ϕ assuming that t ϕω =⋅ and the angular velocity of the driving crank rotation is equal 1rad/s ω = (Fig. 6 ).
Fig. 6. Dependencies of horizontal displacement, speed and acceleration of the supporting foot of the walking mechanism on the driving crank rotation angle
Analysing the obtained graphical dependencies (Fig. 6) , we may state that there are some periodic changes of horizontal speed and acceleration of the supporting point H . In particular, the speed . This causes the necessity to ensure the equality of durations of both phases of the foot motion in order to prevent the simultaneous contact of several foots with the supporting surface. On the other hand, this problem may be solved by carrying out the further process of the walking mechanism parameters optimization [18] .
Thus, the prospects of further investigations on the subject of the article may consist in optimization of geometrical parameters of the hinge-lever walking mechanism in order to ensure the zero-values of vertical speed and horizontal acceleration of the supporting point during the phase of its contact with the supporting surface by means of substantiation of the rational weight coefficients of the objective function and the expedient number of the synthesis input parameters.
Virtual Experiments Performing and Simulation Modelling of the Supporting Foot Motion
The solid-state model of experimental prototype of the walking mechanism (Fig. 7, a) has been designed using the SolidWorks software. This software is a system of computer-aided design, engineering analysis and manufacture preparation of any complexity and purpose. In the solid-state model, the plate OBC conventionally represents the frame (body) of mobile robotic system. The driving crank is joined to the hinge O and transmits the rotational motion to the hinges S , M of the connecting rods SD and MG , correspondingly. These rods are hingely joined to the rockers CDL and BGN , which actuate the connecting rods LKH and NK . The supporting hinge H is used for joining the supporting foot; therefore, the kinematic characteristics of its motion will be the subject of further investigations and modelling in the system of engineering analysis SolidWorks Motion. It allows to carry out the complex dynamic and kinematic analysis of various mechanisms, as well as to perform their optimization according to the prescribed dynamic and kinematic criterions.
MapleSim software is a high-efficient system for modelling and simulation of various physical systems. It allows to compose various systems using specific functional blocks, among which there are special elements that model the behaviour of mechanical, hydraulic and electrical systems. For modelling the foot motions of the optimized walking mechanism, its simulation and functional diagrams were constructed in MapleSim software (Figs. 7, b, c) . The module of generation of the constant angular velocity operates as the system driver and actuates the crank OS (OM ). The motion from the crank is transmitted to the hinge H of the supporting foot joint using the system of rods and hinges presented in Figs. 7, b, c . The hinges O , B , C are attached to the fixed pillar (walking machine body). Their coordinates B
x , B y , C x , C y were defined above as a result of optimization synthesis of the mechanism.
Visual interpretation (simulation diagram) of the walking mechanism (Fig. 7, b) fully corresponds to its solid-state model designed in SolidWorks software (Fig. 7, a) . The element Probe6 allows to construct the graphical dependencies of coordinates, speeds and accelerations of any point of the model being investigated, to which it is attached. In particular, we will analyse the motion of the hinge H of the supporting foot attachment to the connecting rod LKH (Fig. 7, c) .
During the process of virtual experiments carrying out, we will analyse the kinematic characteristic of the supporting hinge H motion within the period of one step. In particular, to a greater extent, we will consider the trajectory of the foot motion, its horizontal speed and acceleration during the phase of its contact with the supporting surface. Some results of modelling the motion of the walking mechanism obtained in SolidWorks software are presented in Fig, 8 , a. The results of simulation modelling of the walking mechanism supporting foot motion in MapleSim software obtained with a help of the Probe 6 module are presented in Fig. 8, b .
On the basis of results of simulation modelling (Fig. 8) , we may state that the supporting foot of the walking mechanism performs the maximal vertical displacement of 0.25 m, and horizontal displacement of 0.9 m. At the same time, the phase of the foot contact with the supporting surface fully ensures the prescribed step length (700 mm), and the phase of the foot transportation ensure the necessary height of the foot lifting (200 mm). The results of the virtual experiment fully corresponds to the theoretical trajectory of the foot (Fig. 5 ) constructed using the analytical dependencies (3)-(5) taking into account the parameters of the walking mechanism obtained on the basis of its kinematic synthesis.
Analysing the kinematic parameters of the supporting foot motion, in particular, the character of changing of its horizontal displacement, speed and acceleration (Fig. 8) , we may state that during the phase of the foot contact with the supporting surface ( 180-360 ϕ =°) the displacement of the point H is not totally parallel to the Ox axis. This is confirmed by the fact that the speed . Thus, we may state about the absolute convergence of the simulation experiment results (Fig. 8 ) and the results of theoretical modelling (Fig. 6 ) of the walking mechanism motion, as well as about the adequacy of the obtained analytical dependencies (3)-(5) for its kinematics analysing.
The prospects of further investigations should include the analysis of the influence of the optimization problems weight coefficients and the accuracy of choosing the initial estimates of geometrical parameters on the output parameters of the optimization synthesis. 
Conclusions
In the paper, the structural synthesis of the hinge-lever walking mechanism base on three structural groups (Assur groups) of the 2 nd class 2 nd order 1 type and one driving link (the mechanism of the 1 st class) has been carried out.
The kinematic analysis of the synthesized mechanism has been performed and the analytical dependencies of the coordinates of the hinge of the supporting foot attachment as functions of the geometrical parameters of the mechanism and of the crank rotation angle have been derived.
On the basis of the derived analytical dependencies, the corresponding function of the mechanism optimization has been proposed. After solving the optimization problem, the geometrical parameters of the walking mechanism have been defined.
Using the obtained geometrical parameters of the walking mechanism, the analysis of kinematic parameters of the supporting foot motion has been carried out on the basis of the derived analytical dependencies. The graphical interpretation of the supporting foot trajectory, speed and acceleration has been considered.
Using the SolidWorks and MapleSim software, the solid-state, functional and simulation models of the synthesized walking mechanism have been constructed. Performing the virtual experiments, the graphical dependencies of basic kinematic parameters of the supporting foot motion has been constructed.
Analysing the results of theoretical investigations and virtual experiments, the conclusion about their full confirmation (convergence) has been made. On the basis of the obtained results, the prospects of further investigations have been analysed.
